INTRODUCTION
A study conducted by the American Association for the Advancement of Science (AAAS) concluded that high-school biology textbooks fail to make essential biology concepts comprehensible or meaningful to students (2008) . Students undergo significant struggles in conceptualizing abstract phenomena that are not directly observable [1] . One key to helping students learn about biological abstractions is the inclusion of representations that match the content and make sense to students [2] . 2D static drawings of cells found in textbooks and most science websites are severely limited. 3D movies are powerful, but do not enable interactivity.
Here, we present Meta!Blast, an interactive 3D virtual reality cell biology game designed for high school and college students.
MOTIVATIONS
The goal of the Meta!Blast project is to create an interactive module for investigating cellular function that enables students to learn by carefully guided discovery as they navigate a cell in three dimensions (3D) within a dynamic metabolic environment.
This experience will provide cutting-edge scientific information on cell biology in a developmentally appropriate context, combined with interactivity that stimulates exploration and logical thinking. The students will thus "discover" biological structures and processes as they explore and interact with this 3Dcell. Such an experience will facilitate critical thinking and enhance understanding.
The overarching hypothesis is that direct interaction can facilitate the learning of complex concepts. To address this hypothesis, we propose to develop a module that will combine accurate information on cellular energetics, cellular defense mechanisms, gene function, and cell structure with an engaging, fast-moving interactive environment.
Why serious game education? We have decided to use a serious game format for Meta!Blast, because it offers several key advantages, including a safe explorative environment for students in a medium that has holding power, that is familiar, and that is highly motivating. The format can call on students to enter the 3D world, make decisions based on what they know about cells, and propose strategies to investigate what they do not yet understand [3] .
For content that involves vast changes in scale and physically complex concepts, a 3D interactive environment represents a mechanism to illustrate ongoing changes in space, time, and size.
In addition, 3D models are becoming an important research tool for biologists [4] ; hence 3D models will give students a familiarity with such representation.
The use of this serious game format enables us to carefully structure tasks that require students to make a substantial number of content-related decisions, learn new concepts, and apply those concepts to additional tasks, attaining specific goals that coincide with important cellular processes. Just as entertainment-based video games increase in complexity as the player advances, so too the educational content of dialog and game experiences will expand and deepen as the student progresses through the Meta!Blast module. In exchange for successful completion of a particular set of tasks, the player is allowed to experience new situations and challenges -novelty which, in itself, can serve as a powerful reinforcement. Further, a game format provides an environment for individualized feedback and just-in-time learning through tutorials and/or help from the module's characters.
Perhaps the most crucial support for using serious games stems from the way in which students engage with them. Many educationally targeted simulations involve students passively watching a process and changing selected parameters to watch the effect. Other simulations enable students to manipulate some aspect of a process being studied, such as Newton's laws of motion, but the structure of the experience does not always require students to master the material and use it to complete new and more challenging tasks. Typical simulations are not designed to engage students in the same way as video games do (reference).
In contrast, serious games by their very nature are interactive and build upon previous experience, requiring player participation throughout and offering players the chance to try multiple routes to succeed, and also allowing them to fail. This capacity facilitates the user's ability to make choices and develop problem-solving skills. A serious game is attractive to players because it is just hard enough; it operates at the edges of students' resources [5] . By enabling the player to progress in such a way, games reward exploration and discovery. Players can learn through their own mistakes what works and what does not, thereby giving insight that there may be multiple solutions to problems [5] . Serious games can also augment skill in reading visual images and formulating hypotheses, enhance other thinking skills such as decision-making, provide greater understanding of science simulations, enhance skill at "divided attention" [6] , and increase understanding of other domains [5] .
IMPLEMENTATION
The Kabala Engine was developed as part of the NSFfunded outreach section of two collaborative research grants to create Meta!Blast. Creating virtual reality environments in currently available applications requires a computer scientist with strong skills in specialized 3D graphics programming and virtual reality hardware integration. This creates a layer of disconnect between the biologists/designers and the application itself, because the computer scientist must implement the design. The Kabala Engine was conceived as a solution that would enable non-experts, specifically the Meta!Blast undergraduate development team, but also any other group, to create such a virtual world. The Kabala Engine is an open source project (LGP License) to empower non-technical users to create real-time 3D applications for virtual reality systems The engine consists of two separate but interacting applications: 1) the World Builder, which helps a user creates a virtual world using a graphical user interface (GUI); and, 2) the World Player, which plays the created virtual world.
The Figure 1 shows the arrangement of the GUI for the World Builder when editing the background of a scene. The left side of the interface holds a vertical list of the scenes; presented with a snapshot of the scene and the scenes name. The center portion of the interface holds the list of items that can be edited for the scene so they can be easily navigated. The right portion of the interface holds a viewport of the scene and tools for modifying the background.
People from varied disciplines without programming skills can create a 3D application using the World Builder to combine 3D models, images, audio files, and animations. The World Builder also allows users to design the interactions that they wish to allow within their application using any input device with an appropriate driver. Physics, GUI, and animations can be integrated into the game by the World Builder. The World Player has all the capabilities of most game engines; with the addition of vrJuggler (http://www.vrjuggler.org/); applications can be viewed on a simple PC, or on a multi-display, distributed computing installation, such as an immersive virtual reality system.
CONTENT
Educational Content. The fundamental principles and content underlying Meta!Blast development are based on the Content Standard of the National Academy of Sciences for life science grades 9-12.
Biological Content. The Meta!Blast project is targeted toward the development of a 3D representation of the cell that accurately illustrates complex processes of cellular function in a motivating manner that requires student engagement. This 3D "functioning" environment will be coupled with abstracted 2D animations that explicitly link the 3D images with representations of their functions, thus enabling the student to relate the more realistic 3D view to the abstracted one, and more completely demonstrating functions of a cell than can text or 2D animations alone.
For example, a student is challenged within the game to generate ATP via the light reactions of photosynthesis. By exploring the Meta!Blast cell and building on knowledge gained in previous game levels, the student learns that this process occurs in the chloroplast and requires shooting light at the Light Harvesting Complexes (LHC). An example of this is shown in Figure 2 . The student moves into a shooting phase, first navigating into the chloroplast, then exploring the use of the light beam to determine that the LHCs react to light. Through this process, the student comes to understand that ATP generation is more efficient when light is shot directly at photosystem I. Changing scale several times during this process, the student zooms in towards the molecules and back out to the organellar level. For the student, it feels like a 3D shooting game with specific missions and challenges that increase as her skill increases. For the educator, it is an environment through which the learner understands the parts and processes of the cell. Meta!Blast is intended to be used as a supplemental activity that will integrate with existing curricula.
Currently Meta!Blast contains biologically accurate 3D representations of cell parts and molecules focused on chloroplast biology, and can be used in two modes. In the exploration mode, the student explores and interacts with a 3D cell at several levels of detail (cellular, organellar, and protein/molecular). In the game mode, the goal of the student is to revive a sick cell so that it can function again and thus save the world as we know it.
CONCLUSION
In summary, through game play we will teach a fundamental knowledge of biology that can be closely connected to classroom experiences. Complex processes will be visualized in a 3D environment in which students must make important decisions, test ideas, and progressively develop their understanding. In addition, scaffolding techniques will be used to help students connect game-introduced concepts with
